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SUMMARY

The efficacy of hepatic arterial infusion chemotherapy (HAIC) with oxaliplatin (OXA) and 5-fluorouracil (5-Fu) for
treating advanced perihilar cholangiocarcinoma (pCCA) has been demonstrated, yet the survival benefits of
HAIC for pCCA patients vary. Here, we aimed to screen out HAIC resistance-related bile microRNAs (miRNAs)
and explore the functions of specific bile miRNAs in pCCA based on high-throughput sequencing. Levels of bile
miR-532-3p, miR-1250-5p, and miR-4772-5p were related to the survival of advanced pCCA patients after HAIC.
However, only overexpression of miR-532-3p promoted OXA/5-Fu resistance, and downregulation of its
expression improved sensitivity to OXA/5-Fu. Mechanistic investigations revealed secreted protein acidic
and rich in cysteine (SPARC) as the direct target of miR-532-3p. Our study reveals that bile miR-532-3p, miR-
1250-5p, and miR-4772-5p may serve as survival biomarkers in advanced pCCA patients after HAIC and that
bile miR-532-3p promotes resistance to HAIC with OXA and 5-Fu via negatively regulating SPARC expression.

INTRODUCTION

Cholangiocarcinoma (CCA) is a rare type of malignancy that orig-
inates from the gastrointestinal tract and accounts for 15% of
primary liver malignancies.’ Over the last three decades, the inci-
dence of CCA has increased.” CCA is generally divided into in-
trahepatic, perihilar, and distal CCA.® Of the three types, perihilar
cholangiocarcinoma (pCCA) is a highly aggressive malignant
neoplasm and accounts for 50%-70% of all CCA cases.” At pre-
sent, resection is the only possible curative treatment for pCCA.
However, most pCCA patients have non-specific symptoms in
the early stages of this disease and are not candidates for sur-
gery when diagnosed, as diagnosis is often delayed and is
commonly established only when jaundice occurs.®® For
advanced CCAs, gemcitabine plus cisplatin (GemCis) remains
the mainstay first-line systemic treatment, with a median overall
survival (OS) of 11.7 months, as reported in the ABC-02 trial.”
Besides GemCis regimen, other adjuvant systemic treatments
for CCA have been extensively explored.® '° Recently, the com-
bination of durvalumab or pembrolizumab with GemCis regimen
has been demonstrated to prolong the survival of advanced CCA
patients in the TOPAZ-1 and KEYNOTE-966 studies; however,
the improvements in survival were also limited, with median

0S (MOS) of 12.9 and 12.7 months, respectively.'’' In a pro-
spective phase Il trial, we demonstrated the efficacy of hepatic
arterial infusion chemotherapy (HAIC) comprised of oxaliplatin
(OXA) and 5-fluorouracil (5-Fu) for unresectable pCCA, finding
it to be superior to traditional first-line chemotherapy.'"'* How-
ever, the survival benefits of HAIC vary among different pCCA
patients, and the underlying molecular mechanisms contributing
to HAIC resistance have not been elucidated. Therefore, the
identification of predictive biomarkers, the mechanism of HAIC
resistance, and therapeutic targets against HAIC resistance
will contribute to the improvement of HAIC efficiency and will
help achieve better tumor control and longer survival for
advanced pCCA patients.

Previous studies have defined microRNAs (miRNAs) as small
noncoding RNAs with a length ranging from 21 to 23 bp that
can pair with 3’-untranslated regions (3'-UTRs) of genes to nega-
tively influence gene expression and ultimately mediate target
gene silencing.'*™'” Multiple recent reports have identified miR-
NAs as tumor suppressors or oncogenic biomarkers.'®'° The
roles of miRNAs in carcinogenesis have been well-defined,
revealing that they act as oncogenes in CCA.?° Chemotherapy
resistance reduces the efficacy of CCA treatment. The roles of
miRNAs in chemotherapy resistance have also been explored
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Table 1. Summary of patient baseline characteristics
characteristics Patients in group A Patients in group B p value
Age (Year) 68.50 + 17.07 52.75 + 14.08 0.205
Sex (Male/Female) 3 (75%)/1(25%) 1(25%)/3(75%) 0.157
HBYV infection (No/Yes) 3 (75%)/1(25%) 3 (75%)/1(25%) 1.000
Child-Pugh class (A/B) 2 (50%)/2 (50%) 0 (0%)/4 (100%) 0.102
CEA (ng/mL) 3.47 +1.73 2.41 +1.20 0.356
CA19-9 (U/mL) 358.13 + 290.97 731.25 £ 379.37 0.060
Total bilirubin (nmol/L) 73.18 + 31.48 106.36 + 18.68 0.131
ECOG performance status (0/1) 3 (75%)/1 (25%) 2 (50%)/2 (50%) 0.465
Extent of disease (NOMO/N1MO0/N2MO) 4 (100%)/0 (0%)/0 (0%) 2 (50%)/1 (25%)/1 (25%) 0.264
Treatment response® (CR/PR/SD/PD) 0 (0%)/3 (75%)/1 (25%)/0 (0%) 0 (0%)/0 (0%)/0 (0%)/4 (100%) 0.018
mOS (months) 25.00 ( 15.66-34.34 ) 3.00 ( 0.06-5.94 ) 0.007
mPFS (months) 12.00 ( 3.18-20.82 ) 1.90 (1.51-2.29) 0.007

HBV: hepatitis B virus; CEA: carcinoembryonic antigen; CA19-9: carbohydrate antigen 19-9; ECOG: Eastern Cooperative Oncology Group; CR: com-
plete response; PR: partial response; SD: stable disease; PD: progressive disease; mOS: median overall survival; mPFS: median progression-free sur-

vival.

#Treatment response was assessed according to the Response Evaluation Criteria in Solid Tumors guidelines (version 1.1).

in CCA.2'"2° Moreover, it has been demonstrated that miRNAs
can be isolated from biofluids, and thus they can serve as
ideal clinical biomarkers.?®?” The aim of our research was to
explore the roles of miRNAs in the treatment response to

HAIC in advanced pCCA patients. We performed high-
throughput sequencing, as well as quantitative polymerase
chain reaction (QPCR) validation, on bile samples of HAIC-
treated advanced pCCA patients and then screened out specific

Table 2. Summary of baseline characteristics of patients in validation cohort

Characteristic Value Characteristic Value

Age (y) 60.0 + 13.0 Extent of disease

Sex Locally advanced 14 (46.7%)
Male 22 (73.3%) N1 lymph node metastasis 11 (36.7%)
Female 8 (26.7%) N2 or extrahepatic distant metastasis 5(16.7%)
HBYV infection Macroscopic growth patterns

No 23 (76.7%) Pl 15 (50.0%)
Yes 7 (23.3%) MF 15 (50.0%)
Child-Pugh class CEA (ng/mL)

A 13 (43.3%) <10 ng/mL 27 (90.0%)
B 7 (56.7%) >10 ng/mL 3 (10.0%)
ALBI grade CA19-9 (U/mL)

1 7 (23.3%) <200 U/mL 9 (30.0%)
2 22 (73.3%) >200 U/mL 21 (70.0%)
3 1(3.3%) ECOG performance status

Total bilirubin (umol/L) 0 15 (50.0%)
Median 61.3 1 13 (43.3%)
Range 14.9-100 2 2 (6.7%)
Albumin (g/L) HAIC cycles

Median 41.31 Median 4.87
Range 32.6-49.7 Range 2-6

Survival (months)
mOS
mPFS

16.4 (10.77-22.2)
11.2 (8.55-13.9)

PI: periductal infiltrating; MF: mass-forming; CEA: carcinoembryonic antigen; HBV: hepatitis B virus; CA19-9: carbohydrate antigen 19-9; ALBI: albu-
min-bilirubin; ECOG: Eastern Cooperative Oncology Group; HAIC: hepatic arterial infusion chemotherapy; mOS: median overall survival; mPFS: me-

dian progression-free survival.
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Figure 1. High-throughput sequencing results
(A-C) Sequencing and qPCR validation of bile miRNAs.
(D) Sequencing of bile mRNAs.

EnrichmentScore (-log10(Pvalue))

(E and F) KEGG pathway analysis of the upregulated mRNAs in the bile of patients with dismal prognosis (E) and better prognosis (F). Data are represented as
mean + SD. n = 4, *p < 0.05, **p < 0.01, **p < 0.001, ns: no significance, mMiRNAs microRNAs, gPCR quantitative polymerase chain reaction, KEGG Kyoto

Encyclopedia of Genes and Genomes.

HAIC resistance-related miRNAs via cell viability assay. The bio-
logical functions of these miRNAs were then explored in vitro and
in vivo via transfection of mimics/inhibitors or virus. mRNA
sequencing, target prediction tools, dual-luciferase reporter as-
says, and rescue experiments were performed to recognize the
target genes of specific miRNAs.

RESULTS

Patients’ characteristics

The characteristics of patients for bile miRNA and mRNA
sequencing at baseline are presented in Table 1. The mOS of
group A patients (n = 4) was longer than that of group B patients
(n = 4) (25 months [95% confidence interval (Cl): 15.7-
34.3 months] vs. 3 months [95% CI: 0.6-5.9 months],
p = 0.007). The median progression-free survival (mPFS) of pa-
tients in group A was also longer than that of patients in group
B (12 months [95% CI: 3.2-20.8 months] vs. 1.9 months [95%
Cl: 1.5-2.3 months], p = 0.007). There were no differences in

the other characteristics between group A and B. Table 2 dis-
plays the baseline characteristics of the other 30 pCCA patients
who were included in the validation cohort.

Identification of the differentially expressed bile
miRNAs and mRNAs between groups A and B
The differentially expressed miRNAs were screened between
groups A and B. As shown in Figure 1A, compared with group
A, there were four upregulated miRNAs and another 19 downre-
gulated miRNAs in group B. Figure 1B shows the heatmap con-
structed according to differentially expressed miRNAs. gPCR
was then performed to validate the miRNA sequencing results,
which demonstrated increased expression of miR-1250-5p
(2.15 + 0.34-fold, p = 0.003), miR-4772-5p (2.48 + 1.05-fold,
p = 0.043), and miR-532-3p (2.21 + 0.38-fold, p = 0.005) in group
B (Figure 1C).

For the mRNA sequencing, in group B, there were 221 upregu-
lated and 407 downregulated mRNAs compared with group A (Fig-
ure 1D). Figures 1E and 1F show the results of pathway analysis.

iScience 27, 111437, December 20, 2024 3




¢? CellPress

OPEN ACCESS

>
-
o
T

—— Low miR-532-3p expression (n = 15)

o
o
|

—— High miR-532-3p expression (n = 15)

°
o
|

Survival probability
o
N
1

o
N
L

P =0.024

g
=}

T
20

OS (months)

o

-
o
|

—— Low miR-4772-5p expression (n = 15)

<
®
1

—— High miR-4772-5p expression(n = 15)

Q
)
1

o
S
|

Survival probability

o
N
L

P =0.002

g
=}

T
20

OS (months)

o

30 40

N
o
|

—— Low miR-1250-5p expression(n = 15)

o
@
|

—— High miR-1250-5p expression(n = 15)

o
o
|

o
N
|

Survival probability

o
[N)
|

P =0.034

o
o

T
20

OS (months)

o

10

iScience

D

-
o
|

—— Low miR-532-3p expression (n = 15)

=
®
|

—— High miR-532-3p expression(n = 15)

=
=)
1

Survival probability
o
'S
1

S
[N}
|

e
o
(=}

PFS (months)

—— Low miR-4772-5p expression (n = 15)

0.8+ —— High miR-4772-5p expression (n = 15)
0.6

0.4+

Survival probability

0.2
P <0.001

0.0

T
20

PFS (months)

o

30

-
o
|

—— Low miR-1250-5p expression (n = 15)

L
©
1

—— High miR-1250-5p expression(n = 15)

o
o
]

Survival probability
o
i

o
N
1

P <0.001

o
o

T
20

PFS (months)

o

30

Figure 2. miR-532-3p, miR-1250-5p, and miR-4772-5p serve as survival biomarkers for advanced pCCA patients after HAIC
(A-C) The relationship of miR-532-3p (A)/miR-1250-5p (B)/miR-4772-5p (C) expression with OS.
(D-F) The relationship of miR-532-3p (D)/miR-1250-5p (E)/miR-4772-5p (F) expression with PFS. pCCA perihilar cholangiocarcinoma, HAIC hepatic arterial

infusion chemotherapy, OS overall survival, PFS progression-free survival.

miR-532-3p, miR-1250-5p, and miR-4772-5p serve as
survival biomarkers for advanced pCCA patients after
HAIC

The miR-532-3p, miR-1250-5p, and miR-4772-5p level in bile
were next validated in 30 other pCCA patients who received
first-line HAIC treatment. Among these 30 pCCA patients, the
mOS was 16.4 months (95% Cl: 10.77-22.2), and mPFS was
11.2 months (95% CI: 8.55-13.9).

Patients in the entire cohort were then divided into the low
miR-532-3p (or miR-1250-5p/miR-4772-5p) group (n = 15)
and the high miR-532-3p (or miR-1250-5p/miR-4772-5p)
group (n = 15) for further analysis. The mOS times of patients
with low miR-532-3p, miR-1250-5p, and miR-4772-5p
expression were 18.4 + 1.48 months, 20.5 + 0.76 months,
and 20.5 = 1.94 months, respectively. The mOS times of
patients with high miR-532-3p, miR-1250-5p, and miR-4772-
5p expression were 5.8 + 1.68 months (p = 0.024), 11.2 +

4 iScience 27, 111437, December 20, 2024

3.09 months (p = 0.034), and 6.4 + 3.74 months (p = 0.002),
respectively.

The mPFS times of patients with low miR-532-3p, miR-1250-
5p, and miR-4772-5p expression were 15.8 + 3.33 months,
19.8 + 4.88 months, and 19.8 + 2.79 months, respectively. The
mPFS times of patients with high miR-532-3p, miR-1250-
5p, and miR-4772-5p expression were 4.9 + 1.29 months
(p =0.040), 9.6 + 3.29 months (p = 0.034), and 5.8 + 2.32 months
(p = 0.002), respectively (Figures 2A-2F).

In the validation cohort, the CEA level (HR, 1.138; 95% ClI,
1.176-1.956; p = 0.041), CA19-9 level (HR, 1.777; 95% ClI,
1.393-2.195; p = 0.009), miR-532-3p level (HR, 1.592, 95% CI:
1.286-2.129, p = 0.018), miR-1250-5p level (HR, 1.681; 95%
Cl, 1.282-2.098; p = 0.025), and miR-4772-5p level (HR, 1.585;
95% Cl, 1.131-2.238; p = 0.032) were identified as risk factors
for poor OS via univariate analysis. In the multivariate analysis,
CA19-9 level (HR, 1.521; 95% ClI, 1.192-2.490; p = 0.017),
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Table 3. Univariate and multivariate analyses of factors related to overall survival

Univariate analysis

Multivariate analysis

Characteristic HR (95% CI ) p value HR (95% CI ) p value
Age 1.024 ( 0.988-1.290 ) 0.294

Sex: Male/Female 1.161 ( 0.892-1.419) 0.521

HBYV infection: No/Yes 1.124 ( 0722-1.395 ) 0.858

Child-Pugh class: A/B 0.969 ( 0.854-1.264 ) 0.459

ALBI: 1/2/3 1.211 ( 0.902-1.813 ) 0.263

Total bilirubin 1.115 ( 0.977-1.121) 0.294

Albumin 0.875 ( 0.891-1.311) 0.347

ECOG performance status: 0/1/2 1.226 ( 0.895-1.244 ) 0.819

Extent of disease: 1.262 ( 0.792-1.839 ) 0.458

Locally advanced/N1/N2 or extrahepatic

distant metastasis

Macroscopic growth patterns: PI/MF 1.347 (0.918-1.658 ) 0.129

CEA level: <10 ng/mL/>10 ng/mL 1.318 ( 1.176-1.956 ) 0.041 1.228 ( 0.803-1.839 ) 0.245
CA19-9 level: <200 U/mL/>200 U/mL 1.777 ( 1.393-2.195) 0.009 1.521 (1.192-2.490 ) 0.017
miR-532-3p level: Low/High 1.592 ( 1.286-2.129 ) 0.018 1.540 ( 1.109-2.209 ) 0.024
miR-1250-5p level: Low/High 1.681 ( 1.282-2.098 ) 0.025 1.472 ( 1.033-2.297 ) 0.028
miR-4772-5p level: Low/High 1.585 (1 1.131-2.338 ) 0.032 1.387 ( 1.080-2.454 ) 0.035

HR: hazard ratio; Cl: confidence interval; HBV: hepatitis B virus; ALBI: albumin-bilirubin; ECOG: Eastern Cooperative Oncology Group; PI: periductal

infiltrating; MF: mass-forming; CEA: carcinoembryonic antigen; HBV: hepatitis B virus; CA19-9: carbohydrate antigen 19-9.

miR-532-3p level (HR, 1.540; 95% CI, 1.109-2.209; p =
0.024), miR-1250-5p level (HR, 1.472; 95% CI, 1.033-2.297;
p = 0.028), and miR-4772-5p level (HR, 1.387; 95% CI, 1.080-
2.454; p = 0.035) were identified as independent predictors of
poor OS (Table 3).

miR-532-3p promotes OXA/5-Fu resistance

We next studied whether overexpression or decreased expres-
sion of miR-1250-5p, miR-4772-5p, or miR-532-3p can influence
OXA/5-Fu resistance in human pCCA cell lines. The QBC939 cell
line was transfected with miR-532-3p/miR-1250-5p/miR-4772-
5p-mimics or mimics-NC, and the FRH0201 cell line was trans-
fected with miR-532-3p/miR-1250-5p/miR-4772-5p-inhibitor or
inhibitor-NC. The transfection efficiencies were determined by
gPCR (Figures 3A and 3B).

A CCK-8 assay was utilized to calculate the inhibitory con-
centration (IC50) values of OXA and 5-Fu. MiR-532-3p overex-
pression reduced the sensitivity to OXA/5-Fu (p < 0.05), and
inhibition of miR-532-3p expression in the FRH0201 cell line
significantly improved sensitivity (p < 0.05). However, trans-
fection with mimics or inhibitors of miR-1250-5p/miR-4772-
5p had no influence on the IC50 values of OXA or 5-Fu
(Figures 3C-3F).

For the detection of cell apoptosis, following incubation of
OXA and 5-Fu in the QBC939 cell line for 48 h, the proportion
of total apoptotic cells was decreased in the miR-532-3p-mimic
group (p < 0.05) (Figures 4A-4C). Similarly, following the applica-
tion of OXA and 5-Fu in the FRH0201 cell line for 48 h, the propor-
tion of total apoptotic cells were increased in the miR-532-3p-in-
hibitor group (p < 0.05) (Figures 4D-4F).

Cell cycle analysis revealed a significantly higher proportion
(p < 0.05) of G2/M cells in the miR-532-3p group and a decrease

in the proportion of cells in the G2/M phase (p < 0.05) in the miR-
532-3p-inhibitor group after incubation with OXA and 5-Fu for 48
h, (Figures 4G and 4H).

Lentivirus infection was utilized to influence miR-532-3p
expression (Figures 5A and 5B), followed by a colony-forming
assay and experiments in vivo. After incubation with OXA and
5-Fu for 14 days, the colony-forming assay revealed a significant
increase in colony numbers in the miR-532-3p group in QBC939
cells and a decrease in the miR-532-3p-sponge group in
FRHO0201 cells (Figures 5C and 5D).

We subcutaneously implanted QBC939 cells stably overex-
pressing miR-532-3p and FRH0210 cells with stably decreased
expression of miR-532-3p into the right flank of nude mice. Two
weeks after OXA/5-Fu injection, all mice were sacrificed for
further analysis. Mice bearing miR-532-3p QBC939 cells
showed faster tumor growth. In contrast, mice bearing miR-
532-3p-sponge FRH0201 cells showed slower tumor growth
(Figure 6). These findings demonstrate miR-532-3p plays an
important role in promoting OXA/5-Fu resistance.

miR-532-3p promotes OXA and 5-fu resistance by
targeting SPARC

miRNAs exert their biological functions through mediating
target gene silencing. Therefore, it is necessary to explore the
molecular mechanisms miRNA-532-3p employs via identifying
any directly targeted genes. The miRNA target prediction soft-
ware miRanda and Targetscan (https://www.targetscan.org/
vert_80/) identified 1037 probable target genes for miRNA-
532-3p. Meanwhile, according to the sequencing results, there
were 407 downregulated mRNAs in the bile samples of group B.
Collectively, 25 genes were identified that intersected between
the results from the prediction software and the sequencing

iScience 27, 111437, December 20, 2024 5
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Figure 3. miR-532-3p influences the IC50 values of OXA and 5-Fu in vitro
(A) miR-1250-5p, miR-4772-5p, and miR-532-3p levels were upregulated in QBC939 cells following transient transfection.
(B) MiR-1250-5p, miR-4772-5p, and miR-532-3p levels were downregulated in FRH0201 cells following transient transfection.

(C and D) The IC50 values of OXA (C) and 5-Fu (D) in QBC939 cells.
(E andF) The IC50 values of OXA (E) and 5-Fu (F) in FRH0201 cells.

Data are represented as mean + SD. n = 3, **p < 0.01, **p < 0.001, IC50 half inhibitory concentration, OXA oxaliplatin, 5-Fu 5-fluorouracil, NC negative control.

results. After incorporating previous study findings on these 25
genes, a total of eight cancer-related genes, namely, nuclear
factor (erythroid 2-like) factor 3 (NFE2L3), tumor necrosis
factor receptor-associated factor 4 (TRAF4), catenin delta-1
(CTNND1), secreted protein acidic and rich in cysteine
(SPARC), fibronectin type Il domain-containing 5 (FNDC5),
bone morphogenetic protein (BMP), phosphoglucomutase 5
(PGM5), and E-26 variant transcription factor 1 (ETV1), were
preliminarily recognized as miRNA-532-3p target genes with
higher probability.

The results of gPCR showed that miR-532-3p overexpression
decreased SPARC mRNA levels, while decreased miR-532-3p
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expression increased SPARC mRNA levels (Figure 7A). Howev-
er, overexpression or decreased expression of miR-532-3p had
no influence on the other seven genes (Figures 7B and 7C).
Downregulated SPARC protein levels were observed in the
QBC939 cell line with increased miR-532-3p levels (p < 0.05),
and upregulated SPARC protein levels were observed in
FRHO0201 cells with decreased miR-532-3p levels (p < 0.05)
(Figures 7D and 7E). The miR-532-3p sequence and 3’ UTR of
SPARC are shown in Figure 7F. According to luciferase reporter
assays, miR-532-3p inhibited the luciferase activity of the pmri-
GLO-SPARC 3'UTR-wt group (p < 0.05), but there was no effect
on the pmriGLO-SPARC 3'UTR-mut group in the 293T cell line
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Figure 4. miR-532-3p influences cell apoptosis and cell cycle distribution

(A-C) The percentage of total apoptotic QBC939 cells after incubation with OXA (5 pmol/L) and 5-Fu (10 pmol/L) for 48 h.

(D-F) The percentage of total apoptotic FRH0201 cells after incubation with OXA (20 pumol/L) and 5-Fu (80 pmol/L) for 48 h.

(G) Cell cycle distribution of QBC939 cells after incubation with OXA (5 umol/L) and 5-Fu (10 umol/L) for 48 h.

(H) Cell cycle distribution of FRH0201 cells after incubation with OXA (20 pmol/L) and 5-Fu (80 pmol/L) for 48 h.

Data are represented as mean + SD. n = 3, *p < 0.05, **p < 0.01, **p < 0.001, ns: no significance, OXA oxaliplatin, 5-Fu 5-fluorouracil, NC negative control.

(Figure 7G). Thus, it was confirmed that SPARC was the target
gene of miR532-3p.

Next, the biological functions of SPARC were explored.
SPARC expression increased (p < 0.05) after transfection with
plasmids encoding SPARC and decreased after transfection
with an siRNA against SPARC (Figures 8A-8C). Overexpression
of SPARC significantly improved sensitivity to OXA and 5-Fu in
the QBC939 cell line, and inhibition of SPARC via siRNA trans-
fection in FRHO0201 cells significantly reduced the sensitivity
(Figures 8D-8G). With the combined use of OXA and 5-Fu for
48 h, the proportion of total apoptotic cells was increased in

the SPARC group (p < 0.05) (Figures 9A-9C). Similarly, the pro-
portion of total apoptotic cells was decreased in the si-SPARC
group (p < 0.05) with the application of OXA and 5-Fu for 48 h
(Figures 9D-9F). Cell cycle analysis revealed a decrease in the
proportion of cells in the G2/M phase (p < 0.05) in the SPARC
group and an increased G2/M phase proportion (o < 0.05) in
si-SPARC group after incubation with OXA and 5-Fu for 48 h
(Figures 9G and 9H).

We also performed rescue experiments. In the QBC939 cell
line, after incubation with OXA and 5-Fu, cell proliferation
(p < 0.05) and cell apoptosis (p < 0.05) were partially reversed
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(A and B) The successful lentivirus infection of QBC939 (stable miR-532-3p overexpression) and FRH cells (stable miR-532-3p underexpression).

(C and D) Colony-forming assays on QBC cells (after incubation with OXA at a concentration of 5 umol/L and 5-Fu at a concentration of 10 umol/L for 14 days) and
FRHO0201 cells (after incubation with OXA at a concentration of 20 pumol/L and 5-Fu at a concentration of 80 umol/L for 14 days).

Data are represented as mean + SD. n = 3, *p < 0.01, **p < 0.001,0XA oxaliplatin, 5-Fu 5-fluorouracil, NC negative control.

with SPARC co-transfection (Figures 10A and 10B). Similarly, in
FRHO0201 cells, after incubation with OXA and 5-Fu, cell growth
(p < 0.05) and apoptosis (p < 0.05) were also partially reversed
with si-SPARC co-transfection compared with transfection
with miR-532-3p inhibitor alone (Figures 10C and 10D). In brief,
the results revealed miR-532-3p promotes OXA/5-Fu resistance
via targeting SPARC. The representative flow cytometry analysis
of apoptosis in rescue experiments in shown in Figure S1.

DISCUSSION
We have previously demonstrated the encouraging results of
HAIC with OXA and 5-Fu for advanced pCCA in a prospective

phase Il trial, with mPFS and mOS times of 12.2 and 20.5 months,
respectively.' However, the survival benefits of HAIC for pCCA

8 iScience 27, 111437, December 20, 2024

patients vary markedly, and it is usually difficult to perform core
needle biopsies to obtain pCCA tissues in clinical practice
because of the particular perihilar anatomical site of the lesion
and its periductal infiltration growth pattern along the bile duct
wall. Thus, there is a clinical need for the identification of reliable
circulating biomarkers that can assist in predicting treatment
response and survival in HAIC-treated pCCA patients. Previous
studies have demonstrated that miRNAs participate in CCA
pathogenesis, which can be used as prognostic biomarkers
and therapeutic targets for CCA patients.’® Noticeably,
throughout the last decade, cell-free non-coding RNAs (cfRNAs),
particularly miRNAs, have been envisioned as biofluid bio-
markers and therapeutic targets because of their abundance
and stability.?® Next-generation sequencing (NGS) is critical for
identifying the liquid biopsy biomarkers of tumors, as most
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Figure 6. miR-532-3p promotes OXA/5-Fu resistance in vivo

(A-C) Tumor volumes and weights of mice bearing QBC939 cells (stably overexpressing miR-532-3p or control) 2 weeks following the first drug injection.
(D-F) Tumor volumes and weights of mice bearing FRH0201 cells (stably underexpressing miR-532-3p or control) after 2 weeks following the first drug injection.
Data are represented as mean + SD. n = 5, *p < 0.05, *p < 0.01, **p < 0.001, OXA oxaliplatin, 5-Fu 5-fluorouracil, NC negative control.

molecular signals derived from tumors in bodily fluids have low
intensity. NGS improves the generation of high-resolution data
for low-expressed transcripts and improves the ability to detect
rare tumor-derived transcript products in circulation. Our study
combined high-throughput sequencing of both miRNAs and
mRNAs to investigate chemotherapy resistance in pCCA pa-
tients. Specifically, the identified bile miRNAs (such as miR-
532-3p, miR-1250-5p, and miR-4772-5p) and the enriched path-
ways (e.g., NF-«kB, Toll-like receptor, and TNF signaling) are
closely associated with chemotherapy resistance, as previously
documented in both clinical and experimental research.***?
Circulating miRNAs have unique advantages in acting as liquid
biomarkers. Compared with other biomarkers (such as mRNAs,
proteins, and metabolites), miRNAs can be easily detected and
are less resistant to degradation and modification.”” Several pre-
vious studies have explored the use of circulating miRNA in CCA
patients.®**° According to a meta-analysis that evaluated the
diagnostic value of circulating miRNAs for CCA patients, bile
showed higher diagnostic efficiency compared with serum, tis-
sue, and urine.® In addition, other studies have demonstrated
that bile miRNAs can serve as reliable biomarkers for CCA pa-

tients,>>°738 which is consistent with the results of our research.

Bile-derived miRNAs and blood-derived miRNAs share similar-
ities in their biogenesis, as both are packaged into extracellular
vesicles such as exosomes and microvesicles, which can be
released into various bodily fluids. However, the primary differ-
ence lies in their physiological and pathological roles, given
that bile-derived miRNAs are often associated with liver function,
cholestasis, and biliary tract diseases, while blood-derived miR-
NAs may reflect systemic conditions, including inflammatory re-
sponses and metabolic disorders.®® Moreover, there are studies
showing that miR-532-3p and miR-1250-5p may serve as liquid
biomarkers for patients with malignant cancer. Blood miR-532-
3p level inversely correlates with rituximab-induced lymphode-
pletion and with the CD20 expression on CD19* cells, which
could predict the efficiency of rituximab-mediated lymphodeple-
tion in patients with chronic lymphocytic leukemia.*® Apoptosis-
associated tyrosine kinase (AATK)/miR-1250 methylation is
absent in healthy peripheral blood, but is detectable in non-
Hodgkin’s lymphoma (NHL) cell lines.*" In brief, as a noninvasive
liquid biopsy marker, bile miRNA has an important application
prospect for cancer diagnosis and prognosis prediction.
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Figure 7. miR-532-3p pairs with 3'-UTR of SPARC

(A-C) Overexpression or decreased expression of miR-532-3p affected SPARC mRNA levels but did not affect the mRNA expression of other genes.

(D and E) SPARC protein levels were affected by miR-532-3p.
(F) Binding sites between the SPARC 3'UTR and miR-532-3p.

(G) Results of luciferase reporter assays. Data are represented as mean + SD. n = 3, **p < 0.01, **p < 0.001, ns: no significance, 3'-UTRs 3'-untranslated regions,

SPARC secreted protein acidic and rich in cysteine, NC negative control.

In the current study, in vitro and in vivo assays revealed that
only miR-532-3p was related to chemotherapy resistance. Over-
expression of miR-532-3p promoted OXA/5-Fu resistance,
whereas downregulation of its expression improved sensitivity
to OXA/5-Fu. Further, the other two circulating miRNAs (miR-
1250-5p and miR-4772-5p) might be prognostic factors in
pCCA patients. The functions of miR-532-3p have been explored
previously. Aberrant high miR-532-3p expression has been
found in several types of cancers*%***** For hepatobiliary malig-
nancies, miR-532-3p can promote tumor progression via target-
ing receptor protein tyrosine phosphatase T (PTPRT).*
Conversely, miR-532-3p has also been recognized as a tumor
suppressor in several types of human cancer.**™*’" Regarding
chemotherapy resistance, which reduces the efficacy of CCA
therapies, the roles of miRNAs in CCA chemotherapy resistance

10 iScience 27, 111437, December 20, 2024

have been explored.?”2° Previous research has indicated that
miR-532-3p is involved in regulating chemosensitivity in other
cancers.’®*® However, there are few studies evaluating the
exact effect of bile miR-532-3p expression on chemotherapy
response in pCCA. miR-532-3p may play a role in promoting or
suppressing tumor development in different cancer species,
which may be based on its different downstream target genes.
In short, our research revealed that miR-532-3p in bile promoted
HAIC resistance of advanced pCCA, and bile miR-532-3p/miR-
1250-5p/miR-4772-5p might serve as circulating prognostic bio-
markers for HAIC-treated advanced pCCA. However, when con-
ducting experiments in conventional culture media, the local
environment plays a crucial role in miRNA function and secre-
tion. Bile contains specific lipids and proteins that may influence
miRNA stability and packaging, and the absence of bile may alter
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Figure 8. SPARC influences the IC50 values of OXA/5-Fu in vitro

OXA concentration (uM) 5-Fu concentration(uM)

(A-C) Successful transfection of SPARC plasmids on QBC939 cells and siRNA against SPARC on FRH cells.

(D and E) IC50 values of OXA (D) and 5-Fu (E) on QBC939 cells.

(F and G) IC50 values of OXA (F) and 5-Fu (G) on FRH0201 cells. Data are represented as mean + SD.n =3, **p < 0.01, **p < 0.001, SPARC secreted protein acidic
and rich in cysteine, IC50 half inhibitory concentration, OXA oxaliplatin, 5-Fu 5-fluorouracil, siRNA small interfering RNA, NC negative control.

miRNA behavior and target interactions. Therefore, results
derived from such environments must be interpreted with
caution because they may not fully represent the in vivo bile
conditions.

Previous studies have revealed that miRNAs bind to the
3'-UTRs of genes to exert their biological influence.'® There-
fore, we further explored the potential target genes of miR-
532-3p via mRNA sequencing, miRNA target prediction
software, dual-luciferase reporter assays, and rescue experi-
ments. Specifically, SPARC was characterized as a target
gene of miR-532-3p, which partially reversed miR-532-3p’s
biological function.

Secreted protein SPARC, also known as osteonectin or BM-
40, is a matricellular protein that plays an important role in
manipulating cell adhesion, extracellular matrix production,
growth factor activity, and cell cycle.***° The aberrant expres-
sion of SPARC at injury, regeneration, inflammation, and cancer
sites, reveals its potential application as a prospective target
and therapeutic indicator in the treatment of previous dis-
ease.”® The biological functions of SPARC have previously
been studied in biliary tract cancers.”’*® For resectable
iCCA, patients with SPARC-positive tumors have favorable
OS rates.”" Loss of SPARC expression is related to reactive ox-
ygen species accumulation in bladder cancer,®” and is also

associated with the low differentiation state of biliary tract can-
cers.”® Moreover, SPARC functions as a chemosensitizer in
several cancers.’*°® Specifically, SPARC negatively regulates
glucose metabolism in hepatocellular carcinoma by downregu-
lating the expression of key enzymes in glucose metabolism
pathway. Overexpression of SPARC renders hepatocellular
carcinoma cells tolerance to glucose deprivation and re-sensi-
tizes 5-Fu resistant hepatocellular carcinoma cells through
downregulation of glycolysis,>® which is in line with the results
of our study. In conclusion, the present study demonstrates
that bile miR-532-3p promotes HAIC (with OXA and 5-Fu) resis-
tance of advanced pCCA via negatively regulating SPARC
expression.

In summary, our study demonstrated that bile miR-532-3p,
miR-1250-5p, and miR-4772-5p could serve as survival bio-
markers for advanced pCCA patients after HAIC. Among them,
only miR-532-3p was related to chemotherapy resistance and
promoted HAIC resistance via targeting SPARC in advanced
pCCA. Therefore, miR-532-3p/SPARC might serve as new ther-
apeutic targets against HAIC resistance.

Limitations of the study

Our research has several limitations. First, due to the difficulty
involved in obtaining pCCA tissues, the expression levels of
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Figure 9. miR-532-3p influences cell apoptosis and cell cycle distribution
(A-C) Percentage of total apoptotic QBC939 cells (following the transfection of SPARC plasmids or control) after incubation with OXA (5 pmol/L) and 5-Fu

(10 umol/L) for 48 h.

(D-F) Percentage of total apoptotic FRH0201 cells (following the transfection of siRNA against SPARC or control, 2 pg) after incubation with OXA (20 pmol/L) and

5-Fu (80 pmol/L) for 48 h.

(G) Cell cycle distribution of QBC939 cells (following the transfection of SPARC plasmids or control) after incubation with OXA (5 umol/L) and 5-Fu (10 pmol/L)

for 48 h.

(H) Cell cycle distribution of FRH0201 (following the transfection of siRNA of SPARC or control) cells after incubation with OXA (20 pmol/L) and 5-Fu (80 pmol/L) for
48 h. Data are represented as mean + SD. n = 3, *p < 0.05, **p < 0.01, ns: no significance. SPARC secreted protein acidic and rich in cysteine, OXA oxaliplatin, 5-Fu

5-fluorouracil, siRNA small interfering RNA.

miR-532-3p, miR-1250-5p, and miR-4772-5p in tissue were not
explored to cross-validate their bile expression. Second,
because this was a single-center study based on several bile
samples, data on circulating miR-532-3p, miR-1250-5p, and
miR-4772-5p levels in bile as prognostic biomarkers in HAIC-
treated pCCA require further validation in a large pCCA patient

12 iScience 27, 111437, December 20, 2024

cohort. Finally, the clinical application of miR-532-3p/SPARC
as new therapeutic targets against HAIC resistance and potential
downstream molecular signaling pathways of miR-532-3p/
SPARC should be further explored. To ensure the relevance of
our findings, we aim to conduct future studies in bile-containing
media or in models that more accurately mimic the biliary



iScience

QBC939

300+ mimics-NC+Vector

mimics-NC+SPARC
miRNA-532-3p-mimics+Vector
miRNA-532-3p-mimics+SPARC
mimics-NC+Vector+OXA/5-Fu
mimics-NC+SPARC+OXA/5-Fu |

miRNA-532-3p-mimics+Vector+OXA/5-Fu
mMiRNA-532-3p-mimics+SPARC+OXA/5-Fu

ns

200

ns

Cell viability (%)

*
*
*

Fhe e bdodd

o

Time (h)

FRH0201

300+ inhibitor-NC+siNC
inhibitor-NC+siSPARC
mIiRNA-532-3p-inhibitor+siNC
miRNA-532-3p-inhibitor+siSPARC
inhibitor-NC+siNC+OXA/5-Fu
inhibitor-NC+siSPARC+OXA/5-Fu
miRNA-532-3p-inhibitor+siNC+OXA/5-Fu
miRNA-532-3p-inhibitor+siSPARC+OXA/5-Fu

200+

.

ke

Cell viability (%)

100

£k W ¢ 4D o

0 T T T 1
20 40 60 80

Time (h)

ke

Percentage of apoptotic cells

Percentage of apoptotic cells

¢? CellPress

OPEN ACCESS

QBC939

ke

301

mimics-NC+Vector

mimics-NC+SPARC
miRNA-532-3p-mimics+Vector
miRNA-532-3p-mimics+SPARC
mimics-NC+Vector+OXA/5-Fu
mimics-NC+SPARC+OXA/5-Fu
miRNA-532-3p-mimics+Vector+OXA/5-Fu
miRNA-532-3p-mimics+SPARC+OXA/5-Fu

204

ns ns

tennooneg

FRH0201
304

inhibitor-NC+siNC

inhibitor-NC+siSPARC
miRNA-532-3p-inhibitor+siNC
miRNA-532-3p-inhibitor+siSPARC
inhibitor-NC+siNC+OXA/5-Fu
inhibitor-NC+siSPARC+OXA/5-Fu
miRNA-532-3p-inhibitor+siNC+OXA/5-Fu
mIRNA-532-3p-inhibitor+siSPARC+OXA/5-Fu

20+

ns ns

fgaeoone

Figure 10. SPARC partially reverses the function of miR-532-3p in vitro
(A) Cell proliferation was reversed with co-transfection of miR-532-3p mimics (50 nM) and SPARC (2 ng) on QBC939 cells after incubation with OXA (5 umol/L) and

5-Fu (10 umol/L).

(B) Similarly, cell apoptosis was reversed on QBC939 cells after incubation with OXA (5 pmol/L) and 5-Fu (10 umol/L) for 48 h.
(C) Cell proliferation was reversed with co-transfection of miR-532-3p inhibitor (100 nM) and siRNA (100 nM) on FRH0201 cells after incubation with OXA (20 pmol/

L) and 5-Fu (80 pmol/L).

(D) Cell apoptosis was reversed on FRH0201 cells after incubation with OXA (20 umol/L) and 5-Fu (80 umol/L) for 48 h. Data are represented as mean + SD.n = 3,
***p < 0.001, ns: no significance, SPARC secreted protein acidic and rich in cysteine, OXA oxaliplatin, 5-Fu 5-fluorouracil, siRNA small interfering RNA, NC

negative control.

environment, which will better translate these observations into
applicable research.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-B-actin Abcam Cat#ab6276; RRID: AB_2223210

Rabbit monoclonal anti-SPARC Abcam Cat#ab207743; RRID: AB_2924283

Bacterial and virus strains

Lv-miR-532-3p Genechem N/A

Lv-sponge-miR-532-3p Genechem N/A

Biological samples

Bile samples Peking university N/A

cancer hospital (China)

Chemicals, peptides, and recombinant proteins

Oxaliplatin
5-fluorouracil

MedChemexpress
MedChemexpress

Cat#HY-17371
Cat#HY-90006

Critical commercial assays

High-throughput sequencing of
miRNAs and mRNAs

Lipofectamine RNAIMAX
Lipofectamine 3000

MicroRNA Reverse Transcription Kit
PrimeScript™ RT Reagent Kit
bicinchoninic acid protein assay kit

ECL Plus Western Blotting
Detection Reagents

Counting Kit-8 (CCK-8) kit
Trizol reagent

CloudSeq Biotech Inc

Invitrogen
Invitrogen
EZBioscience
Takara Bio USA
Servicebio
Solarbio

Solarbio
Thermo Fisher

N/A

Cat#13778030
Cat#L.3000001
Cat#EZB-miRT3
Cat#RR037A
Cat#G2026-200T
Cat#PE0010

Cat#CA1210
Cat#15596018CN

Deposited data

miRNA-seq count data
mRNA-seq count data

This paper
This paper

https://data.mendeley.com/datasets/6rx2k6xhjg/2

https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE280797

Experimental models: Cell lines

QBC939 cells Qinggi (Shanghai) Biotechnology Cat#BFN60810642
development Co., LTD

FRHO0201 cells Otwo Biotech Cat#HTX2093

293T cell line Cell Bank of the Chinese SCSP-502
Academy of Sciences

Oligonucleotides

See Table S1 for sequences of N/A N/A

miRNA mimics, inhibitor, and siRNA

See Table S2 for primer N/A N/A

sequences in gPCR

Recombinant DNA

pcDNAB.1-secreted protein Genechem N/A

acidic and rich in cysteine (SPARC)

control vector plasmids Genechem N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SPSS 20.0 software IBM https://www.ibm.com/support/pages/
spss-statistics-20-available-download

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/
scientific-software/prism/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A retrospective review of the Hospital Information System identified a total of 31 advanced pCCA patients who received first-line
HAIC treatment from June 2015 to June 2016 at Peking University Cancer Hospital, of which bile samples were obtained from 18
patients prior to HAIC treatment. According to the complete survival follow-up, all of the patients died, with the following survival dis-
tribution: OS < 6 months, n = 7; OS between 6 months and 12 months, n = 4; and OS > 12 months, n = 7. We ultimately selected the
bile samples of four patients among the seven with better prognosis (OS > 12 months; group A) and four patients among the seven
with dismal prognosis (OS < 6 months; group B) from the biobank according to the patients’ baseline characteristics and results of
RNA quality control. This ensured that there were fewer statistically significant differences between the two groups (other than sur-
vival), and bile RNAs were reliable for miRNA and mRNA sequencing. Another 30 baseline bile samples from pCCA patients who had
received first-line HAIC treatment from June 2019 to June 2020 at our center served as the validation cohort. The study was approved
by institutional review board of Peking University Cancer Hospital (approval protocol number: 2021KT144). All methods were per-
formed in accordance with the Declaration of Helsinki. All patients provided signed consent for participation. All human participants
were Chinese. HAIC was performed as previously described.®® The HAIC regimen comprised OXA (40 mg/m? for 2 h), 5-Fu (800 mg/
m? for 22 h), and intravenous folinic acid (200 mg/m?), and was administered on days 1-3 every 4 weeks. The bile samples (15 mL)
were obtained by percutaneous transhepatic cholangial drainage (PTCD) within 7 days before the first cycle of the HAIC procedure.
Centrifugation of the fresh bile at 2,000 rpm for 10 min yielded a supernatant, which was then stored in a freezer at —80°C. Patients
signed informed consent forms for clinical specimen collection prior to PTCD.

Two human perihilar CCA cell lines (QBC939/FRH0201) and a 293T cell line were used in our study. The cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Cat#G4524-500ML, Servicebio, Wuhan, China) with 10% fetal bovine serum
(Cat#G8003-500ML, Servicebio, Wuhan, China) and 1% penicillin/streptomycin (Cat#G4003-100ML, Servicebio, Wuhan, China).
The cells were cultured in a humidified incubator at 37°C and supplemented with 5% CO..

Female 4-6-week-old nude mice were purchased from HFK Bio-Technology (Beijing, China) and kept in specific pathogen-free
conditions. QBC cells (5% 10°) stably overexpressing miR-532-3p, FRH0201 cells (5% 10°) stably underexpressing miR-532-3p, or
negative controls were suspended in 0.2 mL DMEM and then subcutaneously inoculated into the right flank of nude mice (n = 5
mice/group). When the tumor’s long diameter was approximately 10 mm, OXA (8 mg/kg) and 5-Fu (10 mg/kg) were injected peritu-
morally every day for a week to simulate perfusion chemotherapy. Tumor sizes were measured every 2 days until the end of obser-
vation. Tumor volumes were calculated as: V = (L x W?)/2 (V, volume; L, length; W, width of tumor). All mice were sacrificed 2 weeks
after the first drug injection. The animal study was approved by institutional review board of Peking University Cancer Hospital
(approval protocol number: EAEC 2021-08).

METHOD DETAILS

High-throughput sequencing

The sequencing of miRNAs and mRNAs was performed by CloudSeq Biotech Inc. (Shanghai, China). Briefly, total RNA was extracted
to prepare the miRNA sequencing library. An lllumina HiSeq 4000 sequencer was used for high-throughput sequencing. Following
processing with cutadapt software (v1.9.2), the adaptor-trimmed reads (> 15 nt) were then aligned to the merged pre-miRNA data-
bases. Tag counts per million aligned miRNAs were used to normalize the read counts. Differentially expressed miRNAs were filtered
by |Fold change| > 1.5 and p value <0.05. miRNA targets were identified by miRanda and Targetscan (https://www.targetscan.org/
vert_80/).

For mRNA sequencing, after removing rRNA, a NEBNext Ultra Il Directional RNA Library Prep Kit (New England Biolabs, Inc., MA,
USA) was used to construct RNA libraries. High-throughput sequencing was performed using an lllumina HiSeq instrument. Differ-
entially expressed mRNAs were filtered by |Fold change| > 2.0 and p value <0.05. Finally, Gene Ontology (GO) and pathway enrich-
ment analyses were also performed for differentially expressed mRNAs.

Transfection and virus infection

Cells were transfected with transient miRNA mimics, an inhibitor, or a negative control (NC) (Hanbio, Shanghai, China) via Lipofect-
amine RNAIMAX (Cat#13778030, Invitrogen, Carlsbad, CA, USA) in a six-well plate (1.5x10° cells/well). The pcDNA3.1-secreted
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protein acidic and rich in cysteine (SPARC) or control vector plasmids (Genechem, Shanghai, China) were transfected with Lipofect-
amine 3000 (Cat#L3000001, Invitrogen, Carlsbad, CA, USA). si-RNA (Hanbio, Shanghai, China) against SPARC or negative controls
was transfected with Lipofectamine RNAIMAX (Cat#13778030, Invitrogen, Carlsbad, CA, USA).

Stable miR-532-3p overexpressing and underexpressing cells were created through lentiviral infection (Genechem, Shanghai,
China). The transfection efficiency was analyzed by gPCR. The SPARC expression after transfection with plasmids or si-RNA was
analyzed by gPCR and western blot. The miRNA mimic, inhibitor, and small interfering RNA (siRNA) sequences are shown in
Table S1.

RNA expression analyses

RNA (including miRNAs) was extracted using Trizol reagent (Cat#15596018CN, Thermo Fisher, Waltham, MA, USA). A Nanodrop
8000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was utilized to measure the RNA concentration. OD260/
0OD280 ratios ranging from 1.9 to 2.0 were defined as being of good quality for further analysis. miRNA and mRNA reverse transcrip-
tion were performed using a microRNA Reverse Transcription Kit (Cat#EZB-miRT3, EZBioscience, California, USA) and a
PrimeScript RT Reagent Kit (Cat#RR037A, Takara Bio USA, Inc), respectively. RNU6B and B-actin were used as internal controls.
All data were subsequently analyzed by the 222t method. The primers sequences are listed in Table S2.

Western blot

Radioimmunoprecipitation assay (RIPA) buffer was used to extract protein. Proteins were separated in 10% NuPAGE Bis-Tris SDS/
polyacrylamide gel electrophoresis (PAGE) protein gels (Cat#P1200, Solarbio, Beijing, China) after quantification using a bicincho-
ninic acid protein assay kit (Cat#G2026-200T, Servicebio, Wuhan, China). Subsequently, the separated proteins were transferred
to polyvinylidene difluoride membranes (Cat#YA1701, Solarbio, Beijing, China), which were then blocked with 5% nonfat milk pow-
der for 2 h. Next, the membranes were blotted with antibodies against B-actin (Cat#ab6276, Abcam, Cambridge, UK) or SPARC
(Cat#ab207743, Abcam, Cambridge, UK) at 4°C overnight, followed by incubation with the secondary antibody. ECL Plus Western
Blotting Detection Reagents (Cat#PEQ0010, Solarbio, Beijing, China) were utilized to visualize proteins.

OXA and 5-fu treatment in vitro

OXA (Cat#HY-17371) and 5-Fu (Cat#HY-90006) were purchased from MedChemexpress (NJ, USA) and dissolved in dimethyl sulf-
oxide (DMSO; Cat#D8371; Merck, Germany). To calculate the half-maximal inhibitory concentration (IC50) values of OXA and 5-Fu,
QBC939 cells were incubated in 96-well plates with OXA at concentrations of 2, 4, 6, 8, 16, 32, and 64 umol/L or with 5-Fu at con-
centrations of 5, 10, 20, 40, and 80 umol/L for 24 h. FRH0201 cells were incubated with OXA at concentrations of 5, 10, 20, 40, and
80 umol/L or with 5-Fu at concentrations of 10, 20, 40, 80, 160, 320, and 640 umol/L in 96-well plates for 24 h. For cell cycle and
apoptosis analyses, QBC939 cells were incubated with OXA at 5 pumol/L and with 5-Fu at 10 pmol/L in 6-well plates for 48 h.
FRHO0201 cells were incubated with OXA at 20 umol/L and with 5-Fu at 80 umol/L in 6-well plates for 48 h. For the colony-forming
assay, QBC939 cells were incubated with OXA at 5 pmol/L and with 5-Fu at 10 umol/L in 6-well plates for 14 days. FRH0201 cells
were incubated with OXA at 20 pmol/L and with 5-Fu at 80 umol/L for 14 days.

Cell viability assay to evaluate OXA and 5-fu sensitivity

After transient transfection for 48 h, the cells were plated in 96-well plates to evaluate OXA and 5-Fu sensitivity (5000 cells/well). Next,
the cells were incubated with OXA/5-Fu in a concentration gradient for 24 h. Then, absorbance readings at 450 nm were obtained via
a Counting Kit-8 (CCK-8) kit (Cat#CA1210, Solarbio, Beijing, China). For rescue experiments, QBC939 and FRH0201 cell lines were
incubated with OXA and 5-Fu (QBC939: OXA at 5 umol and 5-Fu at 10 umoll; FRH0201: OXA at 20 umol and 5-Fu at 80 umol) in
96-well plates (5000 cells/well) for 72 h. The absorbance reading at 450 nm was measured every 24 h. For the colony-forming assay,
after cell transfection with miRNA-expressing virus for 48 h, 1000 cells per well were plated to 6-well plates and incubated with OXA
and 5-Fu. Colonies were counted fourteen days later.

Cell cycle and cell apoptosis analyses

After transfection (48 h) and incubation with OXA and 5-Fu (48 h), the cells were collected from 6-well plates and then fixed in 70%
cold ethanol for 12 h for cell cycle analysis. Then, the cells were stained with 50 pg/mL propidium iodide (PI) for 30 min and the cell
cycle was analyzed using a FACS Calibur system (BD Biosciences, Erembodegem, Belgium). Cell apoptosis was measured via stain-
ing with Annexin V and PI for 15 min, followed by flow cytometry (BD Biosciences, Erembodegem, Belgium).

Luciferase reporter assays

Targetscan was used to predict binding sequences. The sequences of wild-type and mutant seed regions of SPARC were
synthesized and cloned into pmriGLO (Miaolingbio, Wuhan, China). In 6-well plates, 293T cells were transfected with mimics
NC + pmriGLO-SPARC 3'UTR-wt, miR-532-3p mimics + pmriGLO-SPARC 3'UTR-wt, mimics NC + pmriGLO-SPARC 3'UTR-mut,
or miR-532-3p mimics + pmriGLO-SPARC 3'UTR-mut and pmriGLO. Luciferase activity assays were performed after transfection
for 48 h.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using SPSS 20.0 software (IBM) and GraphPad Prism 9 (GraphPad). The significance level was
set at p < 0.05. The survival significance was determined by a log rank test. Continuous data were reported as mean + standard
deviation (SD) and were evaluated by two-tailed unpaired Student’s t tests. Categorical variables were presented as frequencies,
and were analyzed by chi-square tests and Fisher’s exact tests.
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